Abstract Ecosystem services play a crucial role in sustaining human well-being and economic viability. People benefit substantially from the delivery of ecosystem services, for which substitutes usually are costly or unavailable. Climate change will substantially alter or eliminate certain ecosystem services in the future. To better understand the consequences of climate change and to develop effective means of adapting to them, it is critical that we improve our understanding of the links between climate, ecosystem service production, and the economy. This study examines the impact of climate change on the terrestrial distribution and the subsequent production and value of two key ecosystem services in California: (1) carbon sequestration and (2) natural (i.e. nonirrigated) forage production for livestock. Under various scenarios of future climate change, Climatic Change (2011) 109 (Suppl 1):S465-S484
Introduction
Ecosystems generate a variety of goods and services important for human well-being, collectively called ecosystem services. Ecosystem services are components of nature, directly enjoyed, consumed, or used to yield human well-being (Boyd and Banzhaf 2007) . These goods and services play a crucial role in sustaining economic viability in ways that may or may not be immediately understood (MA 2005a, b) . Ecosystem services are categorized into four types in an effort to clarify the broad spectrum of their value and significance: provisional services (e.g., food, timber, water and fuels), regulating services (e.g., water purification and carbon sequestration), supporting services (e.g., climate regulation), and cultural services (e.g., aesthetic values and sense of place) (MA 2005a, b) . It is the provisioning services that are most familiar to the general public, but the whole suite of services contributes to human well-being and generates economic value. These ecosystem goods and services generate value when they are enjoyed directly by people (e.g., eating fish) or indirectly when they support the production and quality of other things people enjoy (e.g., instream flows support recreational fishing).
The importance of valuing ecosystem services in decisions affecting natural resources and their management is highlighted in Bingham et al. (1995) . A significant body of literature exists that assesses various means of quantifying the relationship of ecosystem functions to human well-being in economic terms. Mendelsohn and Olmstead (2009) provide a critical synthesis of ecosystem service valuation studies and Costanza, et al. (1997) offer an early attempt to provide an aggregate estimate of the total value of global ecosystem services. The effect climate change will have on ecosystem function has also received significant attention (see Schmitz et al. 2003; Shaver 2000, and MA 2005a, b) , but it is not yet well understood how climate change will impact ecosystem services and their associated economic value in the 21st century.
If ecosystems change dramatically as a result of climate change, the direct value we enjoy from the ecosystem services they produce also will change, in some cases dramatically. Climate change is likely to affect the abundance, production, distribution, and quality of terrestrial ecosystems. Therefore, ecosystem services such as climate stabilization through carbon sequestration, the provision of nonirrigated forage for livestock and wildlife species, the delivery of water which supports fish for commercial and recreational sport fishing, the provision of critical habitat for biodiversity, and many other types of ecosystem services are likely to be impacted by a changing climate. For example, the ability of forests to sequester carbon and thus limit climate change could be hindered as forest extent and productivity decrease and fire frequency and/or intensity increase with rising atmospheric temperatures. The distributions of grasslands suitable for forage production to support livestock grazing could shift along with changing patterns of precipitation. Because ecosystem services have economic value, that value is likely to change under a changing climate.
Ecosystem services contribute to state, national and global economies, which are thus vulnerable to perturbations in these services and in their net economic value. As a case study to explore this vulnerability, we focus on two ecosystem services that depend on the type and quantity of vegetation cover in California. By focusing on these two concrete examples for which we have in-depth knowledge, we hope to demonstrate how climate change can lead to changes in the provision and value of ecosystem services and in doing so shed light on the potential magnitude of economic effects that could result from the impacts of climate change on ecosystems.
Specifically, we focus on the direct effects climate change may have on (1) ecosystem attributes that influence the timing, magnitude and geographic distribution of ecosystem service production (e.g. ecosystem extent and distribution) and (2) the subsequent impacts on the production of ecosystem services including carbon sequestration, or the ability of terrestrial ecosystems to store carbon, and forage production, or the production of native or naturalized, non-irrigated vegetation by woodlands and grasslands, for cattle. We then (3) establish the link between these climate-induced changes in ecosystem services and potential impacts to economic values by estimating changes to the future net economic value of carbon sequestration and forage production. We chose these two ecosystem services for analysis because climate change impacts to the provision of each service can be directly projected and quantified using existing models and the subsequent economic value can be directly quantified through current markets or rigorous estimates of social, net economic value. Finally, we discuss the importance of future research to consider the economic impacts of climate change, and adaptation to climate change, on other ecosystem services. By bringing together climate, biophysical and economic models in a spatial analysis, it is our intent to highlight the integrated and interdisciplinary nature of examining the impact of climate change on ecosystem services and their value. We also underscore the need for a more directed and concerted research effort for accurately projecting potential changes to the future delivery of these vital services that underpin human well-being.
Methods
This section describes the methods used to (1) generate climate change projection data for California under two emissions scenarios, (2) model the impact climate change will have on ecosystems and provision of two ecosystem services, and (3) assess the value of the projected changes on those services (carbon sequestration and forage production).
Biophysical models

Climate data and projections
To explore the range of impacts on California ecosystem services projected, we consider the Intergovernmental Panel for Climate Change's (IPCC) high (A2) versus low (B1) greenhouse gas emissions scenarios (IPCC 2007) ; and three atmospheric-oceanic general circulation models (AOGCMs): GFDL-CM2.1 (Delworth et al. 2006) , NCAR-CCSM3 (Collins et al. 2006 , data only shown for carbon sequestration), and NCAR-PCM1 (Washington et al. 2000) . The AOGCM data were statistically downscaled to 12 km resolution using the bias correction and spatial disaggregation (BCSD) method (Wood et al. 2004; Maurer and Hidalgo 2008; Hugo et al. 2008) . Each AOGCM was selected based upon strong regional performance in California and were selected to bracket future projected extremes ranging from a warm, wet future (NCAR-PCM1) to a hot, dry future (GFDL-CM2.1, NCAR-CCSM3).
We used three sets of climatic data for terrestrial California in this analysis: (1) historical climate data generated from interpolating weather station data from 1895 to 2006 across the state (PRISM Group, Oregon State University); (2) constructed climate neutral future based on historical trends from 2005 to 2099; (3) projected future climate from the downscaled results of the AOGCMs from 2005 to 2099. We then summarized our results based on 43-year time periods; one historical time period (1961 to 1990) and three future time periods (2005-2034, 2035-2064, and 2070-2099) .
Ecosystem extent and distribution
To project changes in vegetation distribution throughout California, we used the MC1 Dynamic Global Vegetation Model (MC1-DGVM) developed by the U.S. Forest Service (USFS) and Oregon State University at the Forestry Sciences Laboratory, Corvallis, Oregon. MC1 is a dynamic vegetation model that estimates the distribution of vegetation and associated carbon, nutrients, and water fluxes and pools. The biogeochemistry module is a modified version of the CENTURY model (Parton et al. 1994) , which simulates plant productivity, organic matter decomposition, and water and nutrient cycling (Bachelet et al. 2004 ). The direct effect of an increase in atmospheric carbon dioxide (CO 2 ) is simulated using a beta factor (Friedlingstein et al. 1995 ) that increases maximum potential productivity (about 10% increase in net primary productivity at 550 ppm) and reduces proportionally the moisture constraint on productivity. The fire module (Lenihan et al. 2008b) simulates the occurrence, behavior, and effects of fire using several mechanistic fire behavior functions (Rothermel 1972; Cohen and Deeming 1985; Peterson and Ryan 1986; van Wagner 1993; Keane et al. 1997 ) that provide interaction between the biogeography and biogeochemistry modules (Lenihan et al. 2003) . The current life form mixture is used to select factors that allocate live and dead biomass into different classes of live and dead fuels. The moisture content of the live fuel classes is estimated from soil moisture provided by the biogeochemical module. Dead fuel moisture content is estimated directly from climatic inputs (Cohen and Deeming 1985) . Fire events are triggered in the model when the Build Up Index and the Fine Fuel Moisture Code (BUI and FFMC of the Canadian Forest Fire Weather Index System) meet set thresholds. Sources of ignition (e.g., lightning or anthropogenic) are assumed to always be available. The fraction of a cell burned by a fire event is estimated as a function of the prescribed mean fire return interval for each vegetation type, and of the number of years since a simulated fire event. Fire effects include the consumption and the mortality of dead and live vegetation carbon (functions of fire line intensity and tree canopy structure, Peterson and Ryan 1986) , which is removed from (or transferred to) the appropriate carbon pools in the biogeochemistry module. Dead biomass consumption is simulated using functions of fuel moisture that are fuel-class specific (Anderson et al. 2005) .
Carbon sequestration
The MC1 model generates the monthly estimates of carbon stored or lost in each grid cell under historical climate, neutral future climate, and future climate change scenarios. We generate results for all ecosystem carbon pools but we focus the analysis on above-ground live tree carbon to be consistent with the existing protocol within the Climate Action Reserve (CAR) a protocol that focuses on securing carbon offsets under a cap and trade program capitalizing on the carbon stored as live tree biomass (tree bole [trunk] , roots, branches, leaves/needles) and dead standing wood. (www.climateregistry.org/tools/protocols/project-protocols/forests.html). This provides a conservative estimate of the carbon stored by terrestrial forest systems since it does not take into account below-ground carbon storage pools.
We ran MC1 for both historical and future climate conditions and documented changes in (1) carbon pools (stems, leaves, branches, roots) and (2) soil carbon and soil moisture; (3) wildfire occurrence and impacts to estimate carbon losses and changes in the resilience of ecosystems if/when the fire regime changes; and (4) vegetation cover that will affect species range and extent, and ecosystem service production. We then averaged the summed annual carbon pool values for each of the four 30-year time periods and subtracted the carbon pools generated for the neutral climate future dataset from the projected carbon pools for each of six model-emission combinations to describe potential change due to climate change.
We accounted for urban expansion impacts on carbon sequestration potential by including estimates of future urban growth. For the baseline urban and agricultural land cover, we used the Multi-source Land Cover data to represent the extent statewide. We held agricultural land cover constant in all time periods. The agricultural extent represents row crops and other intensive agriculture, not rangelands or timberlands. For the future extent of urban lands in 2035, 2065, and 2100, we used the methods described in Sanstead et al. (2009) . We calculated urban extent for each 1/ 8°grid cell using the mid-range projections for household density and set a threshold of 1 unit per hectare as the minimum density for "urban". We combined this urban extent data with the agricultural extent to generate a combined "converted land" extent. The percentage of the remaining natural cover in each cell was multiplied by the carbon and forage production values to account for the additional impact of future urbanization on these services.
Forage production
Annual natural (non-irrigated) forage production for livestock in California is determined primarily by the amount and timing of precipitation. We analyzed the projected changes in distribution of the production of forage vegetation within grassland and oak woodland habitat under future climate scenarios using monthly precipitation data from two AOGCMs for each emissions scenario, the projected vegetation production from MC1, and the Natural Resources Conservation Service (NRCS) State Soil Geographic (STATSGO) soil data. We use the following formula to estimate monthly forage production/precipitation relationship for grid cell x:
Precipitation monthly
For each emission/AOGCM combination, we used the average monthly precipitation for each grid cell to generate the estimates of production. Because the timing of precipitation greatly affects the forage production, we used the growth curve for rangeland sites available through the NRCS Ecological Site Description website (http://esis.sc.egov.usda.gov) to proportionally allocate the annual range production into growing season months. We summed the resultant monthly production across the six growing season months to generate the annual production for each cell (pounds/acre, kg/ha). To account for the effects of current and projected anthropogenic land cover on forage availability, we multiplied the annual production value for each grid by the percentage of each grid cell in agriculture or urban for each time period and subtracted those from the estimate of available rangeland forage. We define rangelands as areas in either herbaceous or hardwood woodland land cover including non-irrigated grasslands and woodlands with shrubs that produce forage for livestock and wildlife. Modeling other factors that may affect the carrying capacity of rangeland for livestock such as the nutrient content of the forage, management costs, or adjacent land ownership is beyond the scope of this study.
Economic valuation
Carbon sequestration valuation
We estimate the net economic effects of carbon sequestration using the social cost of carbon (SCC). The SCC measures the full global net economic impact today of emitting an incremental unit of carbon at some point of time in the future, and it includes the sum of the global cost of the damage it imposes the entire time it is in the atmosphere (Price et al. 2007; Pearce 2003) . The SCC attempts to capture how much society would be willing to pay to avoid damage from climate change in the future and still be as well off as they would be in the absence of climate change.
In 2005 Nordhaus (2008) used the DICE-2007 model, to estimate the optimal carbon taxes that would accurately reflect the cost of carbon emissions and showed that the trajectory of optimal carbon prices (e.g. carbon taxes or the SCC) should rise to reflect the increasing damage caused by climate change and the need for increasingly tight constraints. In the model, the optimal price rises steadily over time, at between 2% and 3% per year in real terms, to reflect the rising damages from climate change. In this trajectory, Nordhaus' carbon price rises from $34/MTC to $113/MTC by 2050 and $251 per MTC in 2100 all of which reflect the SCC as predicted by the DICE model.
To account for the range of accepted SCC values, we present the social value of carbon sequestration with estimates of SCC from Tol (2008) , Watkiss and Downing (2008) , and Nordhaus (2008).
Forage valuation
For the purposes of this study, we examine the economic value of natural, non-irrigated forage as an input to the livestock market. In our analysis, we estimate the value of nonirrigated forage production using two methods for valuation-replacement of feed and as an intermediate good in the production of livestock. To be conservative, we do not value quality of life, landscape generated by grazing lands nor do we estimate the costs associated with fire and invasive species management. We also do not attempt to calculate what, if any, additional costs to society would be created by changes in greenhouse gases caused by more or fewer head of cattle.
We consider the final ecosystem service (or end product) of forage production to be livestock. We identify the following two mechanisms for valuing forage production: (1) the market in livestock and its products (see Chan et al. 2006) ; and (2) the price of the least cost replacement for forage as a livestock feed.
In our land cover model, each cell of rangeland generates associated forage dry matter (DM) in units of annual tons, which in turn supports livestock production. We measure animal production from forage as an Animal Unit Month (AUM). AUM values can range up to 1,000 lbs (454.5 kg)DM, depending on forage quality. Recent studies support an average of 791 lbs (359.5 kg) of DM as equivalent to one AUM (Brown et al. 2004; Thorne et al. 2007 ), the value we use in our calculations, which represents high quality forage and likely results in a high estimate for total available forage. We also assume only 50% of the forage produced on an acre of land is available for livestock production; the rest must be used for management of land productivity, or it is lost due to trampling and contamination from animal waste. This 50% utilization is based on perennial grasslands as opposed to annual grasslands. By using this conversion rate, we may underestimate potential forage production and err on the side of conservatism. If climate change dramatically reduces production, the 50% rule may overestimate utilization.
The value of the marginal product of forage (change in market value due to change in forage), expressed in profits per AUM, provides a lower bound estimate for the economic value of forage production. Brown et al. (2004) To calculate the climate change impacts on the economic value of change in forage production due to climate change, we assume only 50% of forage is available for livestock (see above biophysical model description) in order to arrive at the quantity of forage available for livestock production in each month. To find the market value of climate change on forage production, we multiply the predicted change in DM (from the vegetation model) by the value of its marginal product in livestock production as measured through average state livestock prices ($0.011553 per pound or 0.025495 per kg of DM).
As an upper bound for the value of forage, we also consider the marginal replacement cost of forage. Following on the common practice of substituting hay for forage, we assume that the lowest grade hay available from each county in California in 2003 (USDA 2004 ) is an equivalent substitute for natural forage. We use the market price for low grade hay, averaged across all counties in California that provide the same hay type (USDA 2008) to calculate a maximum bound for the potential change in value of forage production resulting from climate change. Assuming that forage and hay are equally nutritious on a one-to-one basis, a simple, direct cost of forage substitution is calculated at approximately $78/t ($70.91/tonne).
Results
Changes to ecosystem attributes, services and values
Ecosystem extent and distribution
The MC1 DGVM projects widespread changes in the distribution of vegetation across the state by the end of the century that will impact carbon sequestration and forage production. The most pronounced change that occurs across a majority of model-emissions scenarios is a 15% to 70% increase in shrublands when compared to the neutral climate future scenario (Fig. 1) . In addition, there is a consistent decline, through the end of the century, in conifer woodland and forest, as well as in herbaceous cover across all model-emisions scenarios. Under the hot, dry GFDL scenario, the model projects an increase in shrubland and hardwood forest as well as a decrease in grassland, conifer woodland and forest, under both emissions scenarios. Changes predicted under the warmer, wetter PCM1 model projections are less pronounced and vary by emissions scenario, with the exception of a 10-20% increase in hardwood woodland and a decrease in conifer woodland and for conifer forest (~10%). Shrublands are projected to decrease (<10%) under the B1 emissions scenario but to increase (~30%) under the A2 emissions scenario. While this study projects an increase in shrubland extent at the expense of grasslands, previous studies using the MC1 model for California have shown an increase in grasslands at the expense of woody dominated vegetation types (Lenihan et al. 2003 (Lenihan et al. , 2008a . This difference is due to two changes in the model. First, the MC1 model was calibrated to more accurately represent current actual land cover types, especially in Southern California, which is not the case with previous studies (Lenihan et al. 2003 (Lenihan et al. , 2006 (Lenihan et al. , 2008a . Second, we used an advanced fire model, which resulted in simulations of more frequent but lower intensity fires, which hot, dry GFDL climate under the high A2 scenario (Fig. 2) . In a majority of model-emissions scenario combinations, shrublands expanded. Desert shrubland expands into the California's interior central valley in the hotter, drier GFDL model, but retreats in the warmer, wetter PCM1 climate model along the coast. Our analysis shows that land use change increases aboveground carbon loss, on average across all model-emissions scenarios, by an additional 1.5% by the end of the century.
Carbon sequestration
Projected changes in vegetation distribution will affect the carbon sequestration services provided by terrestrial ecosystems in California. The warmer, wetter climate model (PCM1) projects an increase in aboveground carbon storage relative to the neutral climate future scenario under both emissions scenarios (Fig. 3) . In contrast, under the hotter, drier model (GFDL), MC1 projects much lower carbon pools than it does under neutral climate future scenario, with steep declines by the end of the century under the high A2 emissions scenario. The future climate generated by hotter, drier CCSM3 causes an even greater loss in carbon storage over the next century, with the largest loss simulated under the high A2 emissions scenario.
The spatial distribution of carbon storage in aboveground live carbon pools changes dramatically across the state by the end of the century, depending on the model-emissions scenario used. Under both the low (B1) and high (A2) emissions scenarios, there is a large increase in carbon stored by terrestrial ecosystems in the northwest of the state under the warmer, wetter climate conditions projected by PCM1. As a result, total carbon storage in live trees increases statewide, outweighing the losses in carbon in the central valley of California and along the coast. Under both 
Carbon sequestration value
We estimated the net economic value due to expected climate-driven changes in the carbon stored by natural ecosystems in California. We based our estimates on the carbon storage estimates described above combined with the estimates of the social cost of carbon (SCC) released into the atmosphere (or the social benefit of carbon not released). The estimates we use for SCC are described earlier in the paper and are summarized as: a) mean values (Tol 2008 
Forage production
Forage production declines dramatically by the end of the century (2070-2099) in all future projections, ranging from a 14% decline in annual mean (Tg) production under the warm, wet PCM1-B1 scenario to a 58% decline under the hotter, drier, GFDL-A2 scenario. The geographic pattern of the changes in forage production projected by the end of century (2070-2099) differs dramatically among model-emissions scenarios (Fig. 4) . Many of the largest losses in forage production are due to conversion of rangeland to shrublands in highly suitable climates. The spatial pattern of change in forage production driven by the warmer, wetter PCM1 model under both B1 and A2 scenarios is heterogeneous. In contrast, using the drier and warmer GFDL climate model and both B1 and A2 scenarios, the vegetation model projects extensive losses in forage production, concentrated in the inner central coastal region and along the foothills of the interior mountain range, the Sierra Nevada. The hottest and driest model-emission scenario combination, GFDL-A2, projects extensive and consistent losses in production over virtually all of the current extent of rangelands. Table 2 shows the potential impacts of climate change as estimated in changes of the value of natural forage for livestock. While the neutral climate future scenario for 2005-2034 projects an estimated positive increase in the value of forage (estimated at an average annual increase in profits of $15 million using the marginal product for livestock approach or an average annual savings in hay purchases of $50 million using the forage substitution approach), most projections show losses in forage production for all three time periods (with losses ranging between $14 million and $570 million). The choice of valuing forage using livestock profits or hay prices clearly makes a large difference (a factor of five) in the estimates provided here. This disparity illustrates the need for a more robust and county-specific calculation of profit per AUM as well as a more thorough investigation of the true cost of a substitute for lost forage production.
Forage value
Discussion
Climate change will alter the fundamental character, production, and distribution of the ecosystems that contribute to the well-being of California citizens. In this study, we show how climate change will impact terrestrial ecosystem services, especially those associated with vegetative land cover change, and their economic values (measured as net economic value).
Although there have been attempts to systematically model the link between ecosystem change and ecosystem service value (e.g. de Groot et al. 2002) , our scientific understanding of the link between ecosystem service production and the value to society is still in the early stages of development for most ecosystems services (Turner et al. 2003 ).
Carbon sequestration by terrestrial ecosystems
Although the exact magnitude of the economic effect of increased carbon in the atmosphere has not been defined, the literature is clear that more atmospheric carbon will lead to more climate change, which will, in turn, have economic impacts around the globe (IPCC 2007) . Indeed, the effects of climate change on the ability of California ecosystems to store carbon could result in more carbon being released into the atmosphere. The impact of these changes differs substantially depending upon the climate change models and scenarios employed. Models that predict a wetter future climate indicate that California terrestrial ecosystems could increase in their carbon sequestering capabilities and could generate additional value to the world's economy of over to $300 million annually in the near future and as much as $22 billion annually by 2070 (Table 1 ). Other models of climate change, however, are far more pessimistic, predicting social costs from climate change of −$650 million to more than −$5 billion annually for the period 2005-2034 under the low (B1) emission scenario using the hotter, drier CCSM3 model of climate change to as high as −$62 billion annually by the period 2070-2099 (Table 1) .
The value of natural, non-irrigated forage
Despite some localized variation and spatial heterogeneity in the impacts of climate change, our projections of the ecosystem services associated with land cover vegetation show that climate change will lead to a reduction in the statewide provision of forage under most model-emissions scenarios by the end of the century. As a result, the economic value of forage production in California (measured as lost profits or increased costs of feeding cattle) will be substantially lower under climate change. In the near term, annual changes in profits are predicted to range from a slight increase in profits ($15 million) to losses of up to $36 million (Table 2) . By 2070, the average annual profits of cattle ranching could be between $22 million and $92 million lower due to climate change. To put these figures in context, we consider what steps ranchers may take to offset losses of natural forage. We estimate the least-cost option of replacing natural forage with hay and find that the cost of replacing lost forage with hay could be as high as $235 million per year. As a result of the loss in forage production, most model-emissions scenarios predict that climate change will result in significant losses in the economic value of cattle and forage-reliant livestock industries in California.
The market value of natural carbon sequestration
In this paper we estimate the net economic effects of carbon sequestration using the social cost of carbon. The market value of carbon could also be used to estimate the value of carbon sequestration as long as the carbon sequestered is 'additional' to an established baseline, meaning that project-based greenhouse gas emissions reductions are additional to what would have happened under a business as usual scenario (VCS 2008) . The market value of carbon reflects the least-cost method for reducing carbon emissions in the atmosphere, as revealed by the market. Generally, market price is determined by the cost of meeting a cap on total carbon permitted to be released into the atmosphere through reductions in carbon emission or through the sequestration of carbon. Currently, carbon trading occurs through a number of allowancebased markets and project based transactions. The two main markets are the European Union Emissions Trading Scheme (EU ETS) and the New South Whales GHG Reduction Scheme, which are both regulated markets. Additionally, a compliance-based cap and trade program is planned to begin in 2012 under California's Global Warming Solutions Act of 2006 (Assembly Bill 32). The program allows for 8% of emissions to be achieved through offsets, and offsets achieved through forest carbon sequestration (aboveground live biomass in trees) are included in the program. The actual market value of forest carbon will depend on the development of this program. If emissions from forests were included in the cap, then the market price could be used to estimate the change in value of forest carbon resulting from climate change impacts. As forests are not included in the cap, we only estimate the change in value to landowners who may be eligible to participate in offset markets.
Other economic impacts of climate change
Changes in precipitation, temperature and ecosystem distribution with climate change will alter the timing and distribution of water availability in the future which will impact an array ecosystem services on which we depend including the delivery of clean water for drinking and food production, the generation of electricity through hydropower, the transportation, recreation, and the mitigation of floods. In California, all climate change projections show a shift in the proportion of precipitation falling as rain rather than snow in the mountains, a shift to higher river flows earlier in the spring and a shift in river flow from northern rivers to southern rivers. Under all emissions scenarios and all climate models, all rivers show an increase in average flow from January to April by the end of the century (2070-2099) compared to the historical period and a decrease in average flow from April to October with the greatest drops in June and July (Shaw et al. 2009 ). This temporal shift in flow will be compounded by spatial shifts in precipitation that increase instream flow in the southern rivers at the expense of the northern rivers. These shifts will cause a disruption in the delivery of many ecosystem services and their values, but we have yet to fully comprehend the impact to our economy. The economic values associated with the provision of surface water differ depending on the ultimate use of water. The values, but arise from the direct use of water by residences, municipalities and industry, irrigation for farming, and hydropower. Indirectly, surface water is an intermediate input to commercial fisheries, recreational fishing, recreational boating, and snow-related recreation. These intermediate services, in turn, affect the production of end users or final services. Change in instream flow impacts commercial fisheries, recreational fishing, recreational boating, municipal and industrial use, irrigation, hydropower and flood mitigation. For example, the primary effects of climate change on recreational fishing for salmon is through its impact on stream temperature and precipitation-related changes to the quantity and timing of stream flow, especially the timing of spring runoff and average flow (Flemming and Jensen 2002; Anderson et al. 1993) . Change in snowpack can affect related recreation (skiing/snowmobiling), flood mitigation, municipal and industrial use, and hydropower. Excessive surface water can also provide an economic disservice or economic cost by creating flooding and causing coastal and freshwater pollution that can affect beach and other recreation.
Another important attribute of ecosystem change that contributes significantly to ecosystem service production is biodiversity (Edwards and Abivardi 1998) . Loss of species, especially iconic species around which tourism industries are developed, will have an impact on the economic well-being of California residents as the economy in many parts of California is dependent on tourists who come to California, in part or specifically, to see such species as otters, redwoods, sequoias, condors, and many more plants and animals (USFWS 2007) . Projected species' response to climate change varies considerably between alternative emissions scenarios but we expect species migrations to track shifting climates poleward, higher in altitude, toward the coast and toward stable water sources with large contractions of suitable areas for persistence across the state (Shaw et al. 2009 ). Under scenarios of hotter, drier future climate, the magnitude of the simulated species' responses and loss is greater. Because of the complex interactions between plants, animals, and humans under a changed climate, we do not yet have a comprehensive understanding of the impacts of climate change on biodiversity, ecosystem function, ecosystem and species distribution, nor ecosystem resilience.
In addition, ecosystems generate value beyond those that appear in organized markets. In some cases, especially recreational services that depend on ecosystems, Californians enjoy economic benefits that exceed what they have to pay. These non-market values are important and changes in these values due to climate change can represent real losses in the economic well-being of Californians. Indirectly, some changes in non-market values can eventually reveal themselves in the hedonic value of homes near recreation sites, the cost of hotels, and other premiums that can be charged to recreationists. Much of this value, however, resides with the user. The economic well-being of homeowners, land owners, outdoor workers, and even motorists who choose to drive on scenic byways depend on ecosystem conditions. All of these non-market values could change substantially due to climate change. Future research is needed to understand how recreational behavior, home values, and other non-market economic behavior will likely change due to climate change.
The challenges with estimating the economic effects of climate change
The results of this study demonstrate that there remains a great deal of uncertainty in our understanding of the potential economic effects of climate change, even on services like carbon sequestration and forage for which we have relatively more data than other types of ecosystem services. We find that climate change could have positive or negative impacts on the ability of natural systems to sequester carbon and that these differences can vary spatially and temporally by several orders of magnitude depending on the levels of anthropogenic emissions. We are hampered in our ability to provide precise estimates of the value of changes in natural forage due to climate change because the quality and value of forage differs significantly across the state. Observations and models indicate that these systems are sensitive to climatic conditions, but the precise impacts of change are greatly uncertain.
The challenges in estimating the potential economic impacts of climate change include uncertainty in a) the amount of anthropogenic carbon that will be emitted into the atmosphere, b) the effects of atmospheric carbon on atmospheric temperature and precipitation, c) our understanding of how ecosystems and ecosystem outputs will change due to these changes, and d) how human beings and economic activity may change as a result of ecosystem change.
Part of the uncertainty associated with our ability to predict the future impacts of climate change is linked to our inability to predict long-term weather patterns and teleconnections which are complex systems and we are only beginning to understand the complexity needed for modelling. More fundamental, however, is the fact that we have yet to collect long-term, spatially explicit data on enough types of ecosystems, ecosystem services, and how people use and benefit from these ecosystem services. We know these ecosystems are sensitive to climate and weather, we know people value the goods and services produced by these ecosystems, but our knowledge of just how climate affects ecosystems and how ecosystems affect people is still rudimentary. Without good, coordinated data on ecosystems, ecosystem services, and human uses and benefits of ecosystem services we are unable to accurately predict the future effects of climate change on people and economies, nor are we able to predict how these effects differ across states, regions, or the world.
If we are to plan to adapt to future impacts of climate change, it is essential that we begin now to collect rigorous and consistent data on ecosystems, ecosystem services, and human uses and values for ecosystem services. These data should meet the same criteria already in place for the data we collect to monitor and model climate and important economic sectors: the data must be rigorous, collected systematically across the nation, and collected at relevant spatial and temporal intervals that are sufficient to allow scientists to understand the effects of change in these systems. Most importantly the data collected across atmospheric, biophysical, and human systems should integrate well to facilitate statistical analyses, modelling and decision making under uncertainty.
Conclusion
Our research reveals that climate change will affect the distribution and production of terrestrial ecosystems and the services they provide. Yet, our understanding of how ecosystem services contribute to economic well-being and productivity is still rudimentary. Beyond a general knowledge of the overall importance of ecosystem services, we have only a few concrete examples of the value of these ecosystem services. Even more rudimentary is our understanding of how these ecosystem services will change due to climate change, how these changes will affect people and the economy, and how the economy will respond to these changes. The problem isn't just uncertainty about the future, but our general lack of understanding of how to deal with risk and make decision under this uncertainty.
We highlight two ecosystem services for which we have some knowledge. Our findings show that even small changes in terrestrial ecosystem productivity can cause large changes in the value of the ecosystem service, but the uncertainty of any given outcome is huge. In the case of the economic value of carbon sequestration-a service that helps mitigate climate changethis value is large and shared globally. In the case of natural forage, its global impact is smaller, but its proportional impact looms large on the sectors affected. It is important to remember that these examples were chosen not because of the size of their expected change, but largely because of the availability of data, the feasibility of modeling change in the ecosystem and the subsequent change in the ecosystem service production, and availability of methods to value the change in ecosystem service. There are likely to be many other ecosystem services for which the effects of climate change will be larger and proportionately more important. For instance, consider the potential effect of climate change on: the ability of forests and natural vegetation to moderate urban and suburban temperatures; the ability of the ocean and coastal habitats to sequester carbon, cool coastal areas (important to people and to agriculture), and provide seafood and recreation; the ability of montane and riparian forests to recharge groundwater and protect against flooding; the contribution of natural pollinators to agriculture, horticulture, and even home gardens; the list goes on.
To better understand, avoid, and adapt to the impacts of climate change on our economy, it is critical that we develop a better quantitative understanding of the links between climate change, ecosystems, and economic activity. While we have begun to develop a literature on the economic value of many of these ecosystem services we are largely ignorant of the value of ecosystem services to the economy and even less knowledgeable about the ways in which climate change will affect these services and how we can best adapt to these changes. Our approach has not been systematic and has not been designed to specifically address those ecosystem services that are most likely to change due to changes in climate. We recommend a research agenda that employs a strategic approach to prioritizing, understanding and modeling the impacts of climate change (and other environmental change) on ecosystem services. We also urge the development of new approaches and guidance for decision-makers and managers to deal with the uncertainty of model outcomes and the risks associated the array of decisions before them in the context of those outcomes. Until we close this gap in our understanding, we will be unable to fully comprehend or begin to mitigate and adapt to the effects of climate change on California's economy and the well-being of California residents.
